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The reduction of sulfur oxide emissions resulting from the use 
of high-sulfur crudes has recently become of increasing importance. 
High sulfur petroleum fuel oils contribute to thc problems of eir 

pollution. The conversioii of high sulfur crudes to synthetic crudes 

low in sulfur, would increase the supply of limited natural re- 
sources. 

One method of reducing the suli;ir content in crude o i l s  and re- 
sicha is residuum hydrodesulfurisation in trickle-bcd reactors. 
Total operating costs for this process can b e  divided into three 

components i.e. catalyst costs, hydrogen consumption costs ami 

utilities plus investFent charges. Catalyst; costs represent a sig- 

nificnnt fraction of t h e  total operating costs and also control thc 
hyd-ogcn aid investnrnt costs. 

The factors contributing to catalyst utilisation will be the 

subject of this paper. These factors are classificd broadly into 

two cntegories. Intraparticle diffusion leading to pore plugging and 

I-apic? catalyst dcact ivct ion. S cc ondly, int crpart ic lc, react io-i lead' y: 

to bed-plugging. The possibilitics T o r  iiici-cnsine cctclyst utilisa- 
tiop in these two respects will also bc considcrcd. 
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From recent  papers ('-'I on residuum hydrodesulfurisation, the  

m a j o r  conclusion is that metals contents o r  the  feeds e s sen t i a l ly  

control  ca ta lys t  u t i l i s a t i o n .  Analysis o f  porc d i f fus ion  problems 

w i l l  therefore  be l imi ted  t o  a pore plugging deact ivat ion mechanism 

which progressively r e t a r d s  mass t r ans fe r  o f  the sulfur-containing 

molecules t o  the  i n t e r i o r  port ion of the ca ta lys t  p e l l e t .  This me- 

chanism has been r e c o p i s e d  f o r  some time ( 6 - 8 )  but l i t t l e  quanti- 

t a t i v e  information is  avni lable  f r o m  journals  or patent l i t e r a t u r e .  

a r e  s ign i f i can t ly  l e s s  than l.o!') Assuming typ ica l  values of  l i q u i d  

hourly space ve loc i ty  (1.0) and desul fur i sa t ion  conversion (7$) a 

corresponding dcmetal la t ion conversion r e s u l t s  ( 7 5 s )  Catalyst  

p a r t i c l e  size can now be p lo t t ed  agajnst  the e f f ec t ive  d i f f u s i v i t y  

f o r  demetallation with s f fcc t ivcness  f ac to r  as a pnrameter. I= 
Figure 1, f o r  an ef fec t ivcness  f a c t o r  of 0.75, wi%h a ca ta lys t  par- 

t i c l e  s i z e  of 1/16 inch diameter, a midmusl d i f f u s i v i t y  of 5-10 
cm /sec. is required. An effect iveness  fac tor  o f  0.5 c l l o w s  the  mini- 

tnum d i f fus iv i ty  t o  be as l o w  as 2 * l 0 - ~  CCI /sot. A f i r s t  order reac- 

t i o n  has been assumed together with a spherical  p a r t i c l c  shape. 

Effectiveness f a c t o r s  f o r  dcmetallation of vanadium compounds 
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Figure 2 shows est imates  f o r  values of  the e f f ec t ive  d i f fus iv i ty  

as a function of molecular weight. Thc Stokes-Einstein equation w a s  

used t o  estimate l iqu ic '  d i f f u s i v i t i c s  f o r  large t o -  

ge ther  with a c a t a l y s t  poros i ty  of 0.5. Tnc parameter i n  Figure 2 

i s  the. t o r tuos i ty  factor with values o f - 2 ,  5, l o  and 20. The i n i t i a l  

value i s  close t o  t h a t  f o r  loosely paclczd b e d s  <and probabiy i-epre- 

s en t s  a m i n i m  f o r  a formed ca t a lys t  p a r t i c l e  such' cs an cxtnidate.  

The f i n a l  value o f  20 may r e f l e c t  the accumulation of n e t a l  su l f ides  

and coke i n  pores of the  ca-talyst  particE1arI.y Ln an ouIcr anulus of 

t he  p e l l e t .  From Figure 2,  us ing a to r tuos i ty  f a c t o r  of 5,  a effec- 

t i v e  d i f f u s i v i t y  of  3.5 lom7 cm2/scc. i s  estimated f o r  a compow-d 

.of molecular weight 4000. The l a t t e r  value i s  towards the lower ecd 

of the spectrum of asphzltene molecular .weights f o r  A r a b i ? ?  I Icavy  , 

atmospheric residuum.('* 3 ,  L. prs1iri:inmy cor,clusion from f igures  3. 

and 2 based on pore di$fusion theory and Z:I avors inpl i f ied  nolccular 

p i c t u r e  i s  that e f fec t iveness  f a c t o r s  o f  about 0 . 6  are probably 

a t t a i n a b l e  i n  demctnllation of a feec S&;T i l s  Safaniyn t o  1 weight 

per  cent prbduct sul.fur. 
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pellet was extremely s tcep  but the p e l l e t  diameter was 5 1x3. A= effec- 

tive di f f t l s iv i ty  f a r -  v22adiun of 2 * l 0 - ~  c%l'/scc. Was estinat,c?. This 

vdue  i s  a l s o  p lo t t ed  on Figure 1. 

p r o f i l e s  i n  a spent ca t a lys t  pclle&'! A n  e f fec t ive  d i f f u s i v i t y  of 

l*10-~ cn /sec.  w a s  estimated f o r  vanadium during the desulfurisa- 

t i o n  o f  an A r a b i a n  Light feedstock, l7.5 'API.  Correlating the above 

cstiinates f o r  e f f ec t ive  d i f f u s i x i t y  with feed g rav i ty  suggests an 

order of magnitude vnluc of 3010 cm /see. f o r  vmadium when desul- 

f i r i s i n g  Safaniya t o  75% conversion at r? space ve loc i ty  of 1.0. 

This value i s  indeed lower than the uppsr bound of 2 * l 0 - ~  cm /sec. 

suggested from desul f u r i  sat ion  d2.t a, 

More recent da t a  i s  ava i lab le  by means of e lec t ron  micro-probc 

2 
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Referring t o  .the ninimun d i f f u s i v i t y  plot for domotnllztion, 

Figure 1, an ef fec t iveness  f a c t o r  of about 0.1 i s  obtained f o r  a 

Safaniya feed. I n  the  saiilc way, m ef fec t iveness  f a c t o r  of 0 .3  i s  

obtained f o r  an Arabi,m Light feed. 

Catalyst  U t i l i s a t i o n  

The only aspect of ca ta lys t  l i f e  t h a t  i s  baing consideredis the 

a b i l i t y  of t h e  ca t a lys t  t o  accept metals within i t s  pores yet main- 

t a i n  dcsu l fu r i sa t ion  conversions o f  npproximntely 75%. T h i s  degree 
of desu l fur i sa t ion  corresponds t o  approximately 75$ dene ta l ln t io6  1) . 

The ca t a lys t  metals loading n t  end-of-run i s  determined by the 

e f fec t iveness  f a c t o r  f o r  demetallation associated with a pa r t i cu la r  

feedstock. A pore pluggi-lg mechnnisrn combined with effectiveness 

f a c t o r s  l e s s  t h a i  1.0 m e c ? n s  t h a t  t h c  ca t s lys t  pore volume available 

for deposit ion of metcrl su l f ides  i s  reduced f r o m  t he  f r e sh  ca ta lys t  

value. For exmple ,  Lan ef fec t iveness  f a c t o r  € o r  demetallbtion of 

0.1 means t h a t  a c a t a l y s t  r:hose p o r e  volume i s  0.5 cc/gran w i l l  only 

provide 0.05 cc/gram o f  pore volunc f o r  deposit ion of metal s u l f i d e s  

and coke i n  the par t  o f  the  ca t a lys t  where the  pore-plugging mcchaa 

nism i s  c r i t i c a l ,  C o k e  i s  considered t o  deposit uniformly throughout 

t he  p a r t i c l e  but w i l l  pl2.y a minor r o l e  i n  the  pore plugging mecha- 

n i s m .  A value o f  l o  weight per cent coke has been assumed deposited 

on the spent ca t a lys t  together with a coke density of 1 gm/cc. This 

i s  about one-half the  i d e a l  value si:ico the  coke formed on a hctero- 

geneous ca t a lys t  sur face  i s  un l ike ly  t o  occur i n  i t s  idea l  s tn t e .  

S imi la r  reasoning a l l o w s  the  use o f  3 grrJcc ns thc n icke l  a i d  vann- 

diEm s u l f i d e s  density. 
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BED-PLUGGING nr RESIDUUM DESUL~FURISATIOM 

111 a d d i t i o n . t o  c a t a l y s t  deact ivat ion by the  metals a second 

major  uroblem i n  residuum processing i s  bed-pl~gging!1'.~) Desalting 
alone i s  not eriough t o  prevent t.he build-up o f  i n t e r s t i t i a l  material. 

This mater ia l  reduces bed voidage, especial ly  at the top of a trickle'- 
bed r eac to r ,  end cause; a s i g n i f i c k t  increase i n  overal l  react'or 

pressure drop. The i n t e r s t i t i a l  deposits are composed, mainly . o f .  the  

s u l f i d e s  of iron, n i c k e l  . .  and They a r e  c o n t a i n e d . i n , r e - .  . 
siduum st'ccks i n  orgzno-metallic compoLcds and in  the  case of iran., 

i t s  feed concentra.t;ion may obviously be supplemented by corrosion . " 

processes i n  l i n e s  ahead o f  the r eac to r ,  Bickel and varadiurn 

su l f ides  deposit ing O:I t h e  exte-nal surface o f  the  ca t a lys t  p e l l e t .  . . 
a r e  probzbly h a l d  only weaicl3- as nickel-  and vanadium 'in micelle- . , 

type s t ructures .  Their  r a t e  of reactfon i s  probably greater than 
' ' 

t h e  n icke l  anC vanadium deposited. within the  c a t a l y s t  pe l l e t .  Coke 

deposi ts  w i l l  a l s o  occur both in s ide  the p a r t i c l e  and intorsti . t ia1.ly.  

Predict ion o f  Bed-plugging 

. -  
. .  

Estinlation o f  piugging l i v e s  i n  t r , i c l l e - b e d - r e a c t ~ r s  can be 

made a5, a function o f  facd metals' concentration react ing.  external ly ,  

with r a t o  c o c s t a t  as a parameter. A f i rs t  order react ion has been 

assumed. I n t e r s t i t i e l .  deposi ts  a r e .  con,sic'rei-ed t o  occur i n  the  , t op  
, .  

205 of .the trickle-bed-reactor!') Vsing the '  E r g u n  equation, (15) 

pressure drop increase z sa ins t  decSeasing bed voidage cCm be plot ted 

i n  a dimensionless form Figure (5 ) .  Tdcingnfk tor  of 5-10 increase 

i n  ove ra l l  pressure drop as 3. c r i t e r i o n  f o r  the  plu'gging l i f e  ( e  
.the corresponding volume o f  i n t e r s t i t i c l  deposi ts .  can the:= bc cal- 

culated.  This i s  t r a n s l a t e d  t o  grams o f  i n t e r s t i t i a l  metal sulf ides '  

Per cc of reactor  if a metal ' sulf ide densi ty  of 3 ,gm/cc i s  assumed. 

This  value is  aboufh one-half t h e  i d e a l  c r y s t a l l i n e  s u l f i d e  dens i t i e s  

. bu t  i n  a t r i c k l e  bed reac tor  ne tn l  su l f ides  formed a re  unl ikely t o  

oc.cur. i n  t h e i r  well-ordered, i d e c l  s t a t e s .  AssumiDg f o r  example, . 
first  order r a t e  constant;; from 1-lc ,  plugging l i v e s  may be 
estimated, Figure 6. ' 

' 
PLUG' 
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Once =.?in, t h e  problcis  of proccssi?rg Mid-Cast res idua are 
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Fixed Be&: If ti:c fixctl bed concept o f  epcrr t ion i s  rc tz incd ,  

then graded cn ta lys t  bods c a  bc uscd t o  r c l i evc  the  interstitial 

bed-plugging problcn. Graded ca t a lys t  beds a r c  a l ready being 

i n  dcasphaltcd o i l  I- .> on2x. 

Grndcd ca t a lys t  bcds incorporot c t hc  pr inc ip les  assoclnt  cd 

with the  spcc i f i c  szrfacc of  v-riously sixod p c r t i c l c s  and lsar t tc lc  

shcpcs with low prcssurc drop cha rzc t c r i s t i c s .  1tings.inpcd cn ta lys t s  

have bccn used 2.2 nc?hzmol oxiCatioX16) t o  dscrcasc t h o  pressure 

a r?p  across the ronctor.  Tho presence 03 i n t o r s t i t i a l  deposi ts  re- 

ac t ing  f r o m  thc Scctl malccs th i s  r.pL3roac!I p a r t i c u l r r l y  usoful .  sincc? 

thc  void volurnc per  =?it qroluac o f  rcac tor  hcs bccn increase2 51 

comparison t r J  cy l indr ica l  par t ic l ,>s .  The surfnce arc?. or" 2. criznlys t 
p a r t i c l c  per u n i t  v o l ~ ~ ~ c  o r  xwactor i s  invorscly proport ional  t o  

the  dicimter s o  t h a t  l a rge  p a r t i c l e s  ilt 'ihc top  of  c t- icklc-bed 

r cac to r  w i l l  reduce thc  E?vailnblc surface f o r  tbc  i n t c r s t i t i 3 1  

rcactioii  and spread thc  metals f u r t h e r  A o w n  t h c  5cd. 

C ONC LUS I 014s 

Approginate nethods have bcen out l ined f o r  t he  predict ion of 
ca ta lys t  l i v e s  i n  f ixcd  bod r e s i d u m  dcsul fur i sa t ion .  Prcdictcd 

ca t a lys t  l i v c s  were consis tent  with t rends iil current  RDS l i t c r a -  

turo.  A pore-plugging nochazisrn due t o  rnctals deposi t ion was 
assumefl t o  bo the causc of ca t a lys t  dewztivation f c r  dcsulfur isa-  

t i on ,  Donetallation effect ivcness  f a c t o r s  l e s s  than 0 . 5  are con- 

s idered  typ ica l  f o r  1:iddlc E a s t  * rosiduc. Ilethods o f  dccrcasing 

the  pore diffusion problem are r e l a t e d  t o  spec ia l  ca t c lys t  prc- 

parat ions and the usc of unusual ca t a lys t  shapcs. 

Approximate clctiiods have n lsc  bcen nut l ixcd  f o r  the  predic- 

t i o n  o f  f ixed bed plugging i n  RDSi  Plugging l i v e s  l e s s  th,an 8000 
hours are  considered l i k e l y  for Kiddlc lkst residua. For Venezuc- 

Ian stocks 1000 hours nay bc typ ica l .  IsJovel ca tn lys t  shapcs could 

again bo useful .  Deviation from plug-flow is  expected with ebulla- 

t i n g  ca t a lys t  bcds par t i cu la r ly  with 200 ncsh s i z c  pn r t i c l c s .  

More oxporinentz.1 da ta  and more rigorous theo rc t i cn l  t r e a t -  

r.ients arc' required t o  ir.iprovc predict ions,  

\ 
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FICLliE 2 : EFFECTIVE DIFFUSIVITY vs. KOLECULAR WEIGHT. 
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FICrJS ' '  3 : CATALYST L I E  vs. iGTALS X P O S I T I O N  I N  RESIDUUM DESULFLJRISATION. 
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FICmE 5 : EFFECT OF DECREASING BED.VOIDAGE ON FIXED BED PREVURE DROP. 
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FICL%E 6 : PZD-PLUGGISC LF!33 vs . IXTERSTITIAL KETkLS X P O S I T I O N  
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